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The mechanism of animal–vegetal (AV) axis formation in the sea urchin embryo is incompletely understood. Specification
of the axis is thought to involve a combination of cell–cell signals and as yet unidentified maternal determinants. In
Xenopus the Wnt pathway plays a crucial role in defining the embryonic axes. Recent experiments in sea urchins have
shown that at least two components of the Wnt signaling pathway, GSK3b and b-catenin, are involved in embryonic AV
axis patterning. These results support the notion that the developmental network that regulates axial patterning in
deuterostomes is evolutionarily conserved. To further test this hypothesis, we have examined the role of b-catenin nuclear
binding partners, members of the TCF family of transcriptional regulators, in sea urchin AV axis patterning. To test the role
of TCFs in mediating b-catenin signals in sea urchin AV axis development we examined the consequences of microinjecting
RNAs encoding altered forms of TCF on sea urchin development. We show that expression of a dominant negative TCF
results in a classic “animalized” embryo. In contrast, microinjected RNA encoding an activated TCF produces a highly
“vegetalized” embryo. We show that the transactivational activity of endogenous sea urchin TCF is potentiated by LiCl
treatment, which vegetalizes embryos by inhibiting GSK3, consistent with an in vivo interaction between endogenous
b-catenin and TCF. We also provide evidence indicating that all of b-catenin’s activity in patterning the sea urchin AV axis
s mediated by TCF. Using a glucocorticoid-responsive TCF, we show that TCF transcriptional activity affects specification
long the AV axis between fertilization and the 60-cell stage. © 2000 Academic Press
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In the sea urchin embryo the initial animal–vegetal (AV)
axis is specified during oogenesis (reviewed in Davidson et
l., 1998). During the early cleavages the AV axis is further
atterned to produce five distinct territories (Davidson,
989). Territorial specification is thought to occur by a
ombination of maternally localized determinants that
pecify the vegetal micromeres and cell–cell signals that
nitially emanate from them. The large micromeres are
hought to function as an organizer since transplantation to
1 Both authors have contributed equally to this work.
2 To whom correspondence should be addressed at the Depart-
ent of Anatomy and Cell Biology, College of Physicians and
urgeons of Columbia University, 630 W. 168th Street, New York,
bY 10032. Fax: (212) 305-3970. E-mail: jmv14@columbia.edu.
230he animal pole of a host embryo will induce vegetal
tructures and in some instances a complete second gut
Ho¨rstadius, 1973; Ransick and Davidson, 1993).
A large body of evidence has identified b-catenin as a key
omponent in axis patterning in both vertebrate and inver-
ebrate embryos. b-Catenin is a multifunctional protein
important in both cell adhesion and the Wnt signaling
cascade (Moon et al., 1997; Miller and Moon, 1996). In the
absence of Wnt signals b-catenin is found in two distinct
protein complexes: at the plasma membrane, where
b-catenin complexes with cadherin and links it to the actin
cytoskeleton, and in the cytoplasm, where a complex which
includes GSK3b, APC, and axin targets b-catenin for degra-
ation. In the presence of Wnt signals and through an as yet
nidentified mechanism, the activity of GSK3b is antago-
nized, resulting in an increased stability of b-catenin. Sta-
ilized b-catenin translocates to the nucleus, binds mem-
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231Patterning of Sea Urchin Animal–Vegetal Axisbers of the TCF/LEF HMG domain family (TCFs) of
transcriptional regulators, and activates Wnt target genes
(Clevers and van der Wetering, 1997; Bienz, 1998).
Recent data from several sources have implicated indi-
vidual components of the Wnt signaling pathway in the
specification of the sea urchin AV axis (Fig. 1). It has long
been known that LiCl alters the pattern of tissues along the
sea urchin AV axis (Herbst, 1892; Lallier, 1975; Ho¨rstadius,
1973). Tissue-specific markers suggest this occurs by ex-
panding the vegetal derivatives at the expense of the animal
derivatives (Nocente-McGrath et al., 1991). One target of
LiCl is the cytoplasmic kinase, GSK3b (Klein and Melton,
996), which is a negative regulator of b-catenin stability
(Yost et al., 1996). In the sea urchin, b-catenin is localized
to the nuclei of the vegetal-most blastomeres (Logan et al.,
1999) and any treatment that alters the expression of
b-catenin also affects the pattern of tissue specification
along the AV axis. Overexpression of a stabilized b-catenin
(Wikramanayake et al., 1998) or inactive GSK3b (Emily-
enouil et al., 1998) results in a vegetalized embryo resem-
ling that obtained from LiCl treatment. Similarly, block-
ng b-catenin entry into the nucleus by overexpressing
cadherin (Wikramanayake et al., 1998; Logan et al., 1999) or
GSK3b (Emily-Fenouil et al., 1998) animalizes the embryo.
While the identification of components of the Wnt path-
ay in AV axis patterning in the sea urchin has provided
nsight into the mechanism of specification and patterning,
he nature of upstream components of this cascade and the
ownstream effectors of the b-catenin signal remains to be
dentified. In Xenopus and other embryos, TCFs are media-
ors of the nuclear b-catenin signal. Nuclear b-catenin
nteracts with TCFs to activate Wnt-responsive genes;
owever, in the absence of Wnt signaling and nuclear
b-catenin, TCF proteins repress transcription (Brannon et
l., 1997; Cavallo et al., 1998; Roose, et al., 1998; Fisher and
Caudy, 1998; Levanon, et al., 1998).
TCFs were originally identified as lymphoid-specific
DNA-binding proteins in mice and humans (Oosterwegel,
et al., 1991; van de Wetering et al., 1991; Travis et al., 1991;
aterman et al., 1991). Two hybrid screens revealed unex-
ected interactions between Lef-1 and b-catenin (Behrens et
al., 1996; Molenaar et al., 1996) and provided a link between
nt signaling and gene regulation. Further evidence that
CFs are downstream effectors of Wnt signals came from
xperiments in Xenopus demonstrating that dominant
egative TCFs that bind DNA but not b-catenin block Wnt
and b-catenin signaling (Molenaar et al., 1996; van de
Wetering et al., 1997; Kengaku et al., 1998; Brannon et al.,
1997; Dorsky et al., 1998). Loss of function of the TCF
homologue in Drosophila, dTCF/pangolin, results in seg-
ment polarity defects which cannot be rescued by overex-
pression of the b-catenin homologue Armadillo, indicating
hat dTCF is required for Wingless signaling (Brunner et al.,
997). In Xenopus and Drosophila, genes involved in axis
ormation and segmental identity, siamois, Xnr-3, twin, and
bx, are regulated by TCFs in association with b-catenin T
Copyright © 2000 by Academic Press. All right(Brannon et al., 1997); mutations in the TCF binding sites of
these genes reduce their response to Wnt signals.
The established link between TCFs and Wnt signaling led
to the identification of TCF homologues in a wide variety of
species. All members of the TCF family share an
N-terminal b-catenin binding domain and possess a virtu-
ally identical DNA-binding domain, a high-mobility-group
domain, which induces a sharp bend in the DNA helix
(Love et al., 1995). b-Catenin binds directly to the
-termini of TCF/LEF factors (Huber et al., 1996) and
ncreases their transactivational activity (Molenaar et al.,
996).
To test the role of TCFs in mediating b-catenin signals in
sea urchin AV axis development we examined the conse-
quences of expressing altered forms of Xenopus TCF3
Xtcf-3) on sea urchin development. We assayed, by reporter
ene microinjections, for endogenous sea urchin TCF activ-
ty and examined the effect of altering b-catenin levels on
this activity. Using a glucocorticoid-responsive Xtcf-3 we
examined the competence of sea urchin embryos to respond
to exogenous TCF and the timing of TCF’s effect on
specification along the AV axis.
MATERIALS AND METHODS
Embryos
Adult Lytechinus variegatus were obtained from Beaufort Bio-
logicals, Duke University Marine Laboratory (Beaufort, NC) and
from Susan Decker Services (Davie, FL). Eggs were harvested after
intracoelomic injection of 0.5 M KCl and fertilized with a diluted
suspension of sperm. Embryos were cultured in Millipore filtered
artificial seawater (MFSW). For LiCl treatment, cultures were
treated with 30 mM LiCl in MFSW from immediately after
fertilization until the hatched blastula stage (;16 h at 17°C).
Plasmid Construction
RNA expression vectors were constructed in pCS21 (Turner and
eintraub, 1994). The full-length open reading frame of Xtcf-3 was
btained by RT-PCR from stage 8 Xenopus embryo RNA, using 59
(CGCCGAATTCCGGCATGCCTCAACTAAACAGCGGCGGG-
GGGG) and 39 (ACGTCTAGAGCTCAGTCACTGGATTTG-
GTCACC) primers derived from the published sequence of Xtcf-3
(Molenaar et al., 1996). The PCR product was inserted as an EcoRI/
XbaI fragment into pCS21 and confirmed by sequencing. To con-
truct the b-Xtcf-3 (DN Xtcf-3; Fig. 2C) expression vector, the
ragment corresponding to amino acids 88 to 553 was generated by
CR using the wt Xtcf-3 plasmid as template with 59
CGCGGAATTCATGAGCAAAGCTCATTTCTGAAGAGGACT-
GAATGAACAGGATGCAGCGTTCTTCAAGGG, which in-
ludes an N-terminal 30-bp Myc tag) and 39 (CGCGTCTAGAT-
AGTCACTGGATTTGGTCACC) primers and cloned as an
coRI/XbaI insert into pCS21. pCS2-VP16bXtcf-3 (Activated
Xtcf-3; Fig. 2D) was constructed by inserting in frame at the EcoRI
site of pCS2-bXtcf-3 a PCR fragment encoding amino acids 411 to
90 of VP16, cloned with 59 (CGCCGATTCATGTCGACGGC-
CCCCCGACCG) and 39 (CCGCGAATTCCCCACCG-
ACTCGTCAATTCC) primers and digested with EcoRI. pCS2-
s of reproduction in any form reserved.
232 Vonica et al.FIG. 1. Components of the Wnt pathway are implicated in specification of cell fates along the sea urchin AV axis. Overexpression studies
have shown that components of the Wnt signaling pathway are involved in the specification of fates along the AV axis. Increased
stabilization of b-catenin, by inhibiting GSK3b with LiCl treatment or by injecting a kinase-dead GSK3b (A) or stabilized b-catenin (B),
leads to vegetalization of the embryo. Decreased nuclear b-catenin resulting from GSK3b overexpression (C) or titrating cytoplasmic
b-catenin with cadherin (D) results in the animalized phenotype.
FIG. 2. Constructs used in microinjections. The structure of dominant negative Xtcf-3 (DN Xtcf-3; C), Activated Xtcf-3 (D), and inducible
Xtcf-3 (GR Xtcf-3; E), are shown in comparison with wild-type Lef1 (A) and Xtcf-3 (B). The respective domains are indicated (after Clevers
and van de Wetering, 1997); CAD, context-sensitive activation domain; HMG, high-mobility group; NLS, nuclear localization signal; GR,
glucocorticoid ligand binding domain; GR AD, glucocorticoid activation domain).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
233Patterning of Sea Urchin Animal–Vegetal AxisFIG. 3. DN Xtcf-3 animalizes and Activated Xtcf-3 vegetalizes sea urchin embryos. Micrographs of 1-week-old living L. variegatus
embryos injected with DN Xtcf-3 RNA at fertilization appear animalized (B and C) compared to controls at the same stage (A). Embryos
injected with Activated Xtcf-3 at fertilization demonstrate features of vegetalization after 1 week of culture (D and E). This includes
incomplete archenterons and supernumerary pigments cells.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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234 Vonica et al.GRbXtcf-3 (GR Xtcf-3; Fig. 2E) was a gift from Paul Wilson
(Cornell Medical School). The pTOP-FLASH luciferase reporter
plasmid (Korinek, et al., 1997) was a gift from Hans Clevers (Uni-
versity Hospital, Utrecht, The Netherlands).
In Vitro Transcription and Microinjection
Capped RNAs were in vitro transcribed with SP6 polymerase
(Promega Corp., Madison, WI) from vectors linearized with NotI.
Before injection, the appropriate RNA and DNA dilutions in 40%
glycerol were filtered by centrifugation through a Millipore
0.45-mm Low Protein Binding-Millex filter (Millipore, Bedford,
MA). RNA microinjections were performed as in Mao et al. (1996)
nd DNA injections as described in McMahon et al. (1985).
TOP-FLASH reporter plasmid was linearized with BamHI and 20
g/embryo was co-injected with a 4:1 excess of BamHI-digested sea
rchin sperm DNA.
The embryos injected with GR Xtcf-3 were treated with 10 mM
examethasone beginning at fertilization and at intervals thereafter
Kolm and Sive, 1995). Control embryos included uninjected em-
ryos treated with dexamethasone and GRbXtcf-3-injected em-
ryos without dexamethasone treatment. For Xenopus reporter
ssays, 100 pg of pTOP-FLASH was injected into Xenopus embryos
t the 2-cell stage and animal caps were assayed at a later time. To
etermine the effect of LiCl on endogenous Xenopus TCF activity,
embryos injected with reporter DNA were incubated for 5 min
with 0.3 M LiCl at the 32-cell stage. RNA encoding Activated
Xtcf-3 (10 pg) was injected at the 2- to 4-cell stage, in the
ventromarginal zone, and axes were scored at the tadpole stage.
Reporter Assays
Embryos injected with the pTOP-FLASH reporter were har-
vested shortly after hatching and deposited in a round-bottom
96-well plate and excess MFSW was aspirated. Embryos were then
lysed in 50 ml Lysis buffer (Luciferase Assay; Promega Corp.,
adison, WI) and the assay was performed on a Berthold luminom-
ter with 10 ml of lysate. Approximately 3 3 300 embryos were
ssayed in each experiment and each experiment was duplicated.
enopus embryos injected with the reporter plasmid were recov-
red in Lysis buffer at stage 9, using 50 ml for four embryos. Each
ssay was done in triplicate.
Immunocytochemistry
Embryos were fixed in 100% ice-cold methanol for 20 min and
then transferred to 13 PBS with 0.1% Tween (PBST). Monoclonal
antibodies Endo1, 6A3, and EctoV were provided by D. McClay
(Duke University) and 6A9 by C. Ettensohn (Carnegie–Mellon
University). Polyclonal antibody against myosin heavy chain
FIG. 4. Tissue-restricted markers further demonstrate alteration
images of control embryos (A, B, G, H), DN Xtcf-3 RNA-injected em
L) cultured to the late gastrula stage and examined by indirect im
expression is restricted to the outer epithelium in the animal half
expression is more globally distributed (C, D). In contrast, Activate
staining (E, F). Conversely, endoderm marker (Endo1) expression
Activated Xtcf-3 RNA-injected embryos (K, L) compared to controls (G
Copyright © 2000 by Academic Press. All right(MHC) was from G. Wessel (Brown University). Primary antibodies
were diluted in PBST as follows: 1:2 for EctoV; 1:10 for Endo1, 6A3,
and 6A9; and 1:200 for anti-MHC. The myc antibody was mono-
clonal anti-myc 9E10.2 (as ascites fluid) used at a 1:50 dilution.
Monoclonal antibodies were detected with FITC-conjugated goat
anti-mouse antibody at 1:100 dilution in PBST (Cappel Organon
Teknika). TRITC-conjugated goat anti-rabbit secondary antibody
diluted 1:200 in PBST was used to detect anti-MHC. Embryos were
washed with PBST and then blocked with 5% normal goat serum
(Sigma, St. Louis, MO) in PBST for 30 min, incubated with diluted
primary antibody for 1 h at room temperature, and washed three
times with PBST. A 30-min incubation with secondary antibody
was followed by 3 3 5-min washes of PBST before embryos were
mounted in 1:1 PBST:glycerol. Embryos were viewed on a Zeiss
Axiovert 100 inverted microscope equipped with DIC and epifluo-
rescence optics. Images were captured with a Dage DC330 video
camera (Dage-MTI, Inc., Michigan City, MI). Confocal microscopy
was performed with a Zeiss Laser Scanning Confocal Microscope
(Axiovert; Carl Zeiss, Inc., Thornwood, NY), using a 403 water
immersion objective.
RESULTS
Dominant Negative and Activated Xtcf-3 Have
Opposing Effects on Cell Fate Specification
along the AV Axis
One-week-old embryos were examined after injection
with RNA encoding a dominant negative Xtcf-3 (DN Xtcf-3)
protein that lacks the N-terminal b-catenin binding domain
(Fig. 2C). These embryos resemble those observed with
other treatments that reduce b-catenin stability (Emily-
Fenouil et al., 1998) or the ability of b-catenin to enter the
nucleus (Wikramanayake et al., 1998; Logan et al., 1999). At
he highest concentration used (2 pg/embryo) DN Xtcf-3-
njected embryos resemble Dauer larvae (Figs. 3B and 3C)
hat develop from animal halves obtained from bisecting
ggs or early embryos perpendicular to the AV axis (Ho¨rs-
adius, 1973; Wikramanayake and Klein, 1995). As the
oncentration of RNA is reduced (2–0.2 pg/embryo) the
egree of animalization is also reduced (data not shown).
mbryos animalized with high concentrations of DN Xtcf-3
arely contained morphological features of mesodermal or
ndodermal differentiation at early stages of development.
owever, when embryos were allowed to develop for ex-
ended times as shown in Fig. 3, spicules were observed.
ince the injected RNA may have decayed after this length
f time and the protein product from this injected RNA is
ate specifications along the AV axis. Bright-field and fluorescent
os (C, D, I, J), and Activated Xtcf-3 RNA-injected embryos (E, F, K,
nofluorescence for lineage marker expression. In controls, EctoV
e embryo (A, B), but in DN Xtcf-3 RNA-injected embryos EctoV
f-3 RNA-injected embryos are almost completely devoid of EctoV
uced in DN Xtcf-3 RNA-injected embryos (I, J) and expanded ins in f
bry
mu
of th
d Xtc
is red, H).
s of reproduction in any form reserved.
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235Patterning of Sea Urchin Animal–Vegetal Axisunlikely to be present 4 days after injection, the embryos
may be able to recover from the dominant negative effects
of DN Xtcf-3. Also, since sea urchin embryos are highly
regulative, the appearance of spicules in these animalized
embryos may be due to regulative events.
In contrast, 1-week-old living embryos injected with
RNA encoding Activated Xtcf-3 (Figs. 3D and 3E) have a
morphological phenotype opposite to that observed with
DN Xtcf-3 injections. Activated Xtcf-3 RNA encodes a
protein that uses the potent activation domain of the viral
transcription factor VP16 (Triezenberg et al., 1988) in place
f the b-catenin binding domain (Fig. 2D) to activate target
genes. The activity of this construct was first tested in
Xenopus. Ventral injections of 10 pg RNA produced com-
plete secondary axes in 100% of the injected embryos (data
not shown). Sea urchin embryos injected with the Activated
Xtcf-3 were severely vegetalized. They resembled embryos
injected with RNA encoding a stabilized b-catenin (Wikra-
anayake et al.,1998) or inactive GSK3b (Emily-Fenouil et
al., 1998) or embryos treated with high concentrations of
LiCl (Wikramanayake et al., 1998; Nocente-McGrath, et
al., 1991), all treatments thought to increase the nuclear
concentration of b-catenin. The Activated Xtcf-3-
egetalized embryos show very little morphological varia-
ion and develop as epithelial balls containing numerous
igment and other cells internally (Figs. 3D and 3E). Occa-
ionally invaginated portions of the outer wall are evident
s is observed in severe exogastrulae formed from high
oncentrations of LiCl (Nocente-McGrath et al., 1991; J.
enuti, unpublished observations). The Activated Xtcf-3-
njected embryos hatch later than controls, presumably due
o reduced animal territory development which is required
or hatching enzyme production (Emily-Fenouil et al.,
998).
Alteration of Tissue-Specific Marker Expression by
Mutant Forms of Xtcf-3
To ascertain the degree of animalization/vegetalization
attained with microinjection of altered forms of Xtcf-3 we
examined injected embryos with lineage-specific markers
and compared their patterns of expression to those observed
in control embryos of the same stage. The antibodies used
were Endo1 as an endodermal marker (Wessel and McClay,
1985), EctoV as an oral ectoderm marker (Coffman and
McClay, 1990), and 6A9 (Ettensohn and McClay, 1988) and
anti-MHC (Wessel et al., 1990) as mesodermal markers.
onoclonal antibody 6A9 recognizes primary mesenchyme
ells (Ettensohn and McClay, 1988). Polyclonal anti-MHC
ecognizes muscle cells derived from secondary mesen-
hyme and a subset of myoepithelial cells in the endoderm
hat also label with Endo1 (Wessel et al., 1990; Venuti et al.,
993).
Control and DN Xtcf-3- and Activated Xtcf-3-injected
mbryos were examined at the late gastrula stage by immu-
ofluorescence. Control embryos (Figs. 4A and 4B) express
ctoV in a portion of the outer ectoderm cells destined to
Copyright © 2000 by Academic Press. All rightorm the oral epithelium of the pluteus larva (Coffman and
cClay, 1990). Embryos of the same stage injected with
N Xtcf-3 RNA express this ectodermal marker globally
Figs. 4C and 4D), whereas embryos injected with Activated
tcf-3 express this marker in only a few cells of the embryo
Figs. 4E and 4F). DN Xtcf-3-injected embryos develop
ctoderm, an animal-half derivative, at the expense of other
issues, whereas the Activated Xtcf-3-injected embryos lack
ignificant ectoderm differentiation. Control embryos ex-
ress the endodermal marker Endo1 in the midgut and
indgut (Figs. 4G and 4H) but DN Xtcf-3-injected embryos
xpress virtually none of this endodermal marker (Figs. 4I
nd 4J). In contrast, embryos injected with Activated Xtcf-3
xpress Endo1 at high levels throughout most of the epithe-
ial layer (Figs. 4K and 4L). Reduced endodermal marker
xpression in DN Xtcf-3-injected embryos and the in-
reased expression in Activated Xtcf-3-injected embryos
upport our morphological observations on living embryos
t later stages. Overexpression of DN Xtcf-3 in the sea
rchin leads to an animalized phenotype and overexpres-
ion of Activated Xtcf-3 leads to a vegetalized one.
To further examine the conversion of the embryonic
issues along the AV axis by mutant forms of Xtcf-3 we
nalyzed injected embryos by indirect immunofluorescence
or mesoderm formation. In control embryos at the late
astrula stage (Fig. 5B) muscle cells are just beginning to
xpress MHC at the tip of the archenteron. Similarly,
rimary mesenchyme cells are visible as a well-organized
ing of cells (Fig. 5C) that express the marker 6A9 around
he base of the archenteron. In contrast, DN Xtcf-3 RNA-
njected embryos do not express MHC and only a few
A9-positive cells are observed (Figs. 5D–5F). Activated
tcf-3 RNA-injected embryos at this stage (Figs. 5G–5I),
owever, contain numerous cells expressing 6A9 and in-
reased staining of cells in the outer epithelium for MHC.
his pattern of staining with both Endo1 and MHC anti-
odies in the outer epithelium resembles that seen in
yoepithelial cells normally found in the sphincters of the
ut of unperturbed embryos (Wessel et al., 1990; Venuti et
l., 1993) and is also observed in the expanded endoderm of
mbryos treated with high concentrations of LiCl (J. Venuti,
npublished observations).
Endogenous TCF Activity in the Sea Urchin
Embryo Can Be Potentiated with LiCl Treatment
To demonstrate that an endogenous TCF activity is
present in the sea urchin and can account for the regulation
of b-catenin target genes in the unperturbed embryo, we
examined the activity of an injected luciferase reporter gene
that contained multiple TCF/LEF binding sites upstream of
a c-fos minimal reporter (pTOP-FLASH; Korinek et al.,
1997). The pTOP-FLASH reporter gene was injected into L.
variegatus at fertilization and luciferase activity measured
at the hatched blastula stage. Luciferase activity in injected
embryos averaged an approximate 10-fold increase in activ-
ity over background (Fig. 6A). Since TCF/LEFs are thought
s of reproduction in any form reserved.
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lIG. 5. Comparison of the effects of microinjecting DN Xtcf-3 and Activated Xtcf-3 on mesodermal marker expression. In late
astrula-stage control embryos (A–C) MHC expression is detectable in a few developing muscle cells at the tip of the archenteron and
eakly in myoepithelial cells within the developing sphincters of the endoderm (B). PMC marker expression delineates a well-developed
ing of skeletogenic mesenchyme cells by this stage (C). In contrast, DN Xtcf-3-injected embryos (D–F) have little to no MHC (E) or PMC
xpression (F); however, embryos injected with Activated Xtcf-3 (G–I) contain numerous skeletogenic cells, and MHC staining is
ramatically increased in cells of the outer epithelium. Previous examination of LiCl-treated embryos double labeled with MHC and Endo1
data not shown) show similar epithelial staining which corresponds to increased MHC expression in myoepithelial cells of the endoderm.
n general, mesodermal cell differentiation is reduced in DN Xtcf-3-injected embryos compared to control and Activated Xtcf-3-injected
mbryos.
IG. 6. Endogenous TCF activity is detectable by activation of reporter gene expression and is potentiated by LiCl treatment. (A) When
he pTOP-FLASH reporter gene was injected into L. variegatus embryos and assayed at the hatched blastula stage for luciferase activity,
e found greater than 10-fold increase in enzyme activity over background. This activity was further increased to greater than 25-fold over
ackground if embryos injected with the pTOP-FLASH reporter were also treated with LiCl (30 mM) to increase endogenous b-catenin
evels. (B) A proportionate increase in reporter activity was also observed in injected Xenopus embryos after LiCl treatment.
FIG. 7. Embryos animalized by DN Xtcf-3 are insensitive to LiCl treatment but DN Xtcf-3 can reverse the effects of LiCl. Control
embryos (A–C), embryos injected with DN Xtcf-3 (D–F), embryos vegetalized with 30 mM LiCl (G–I), or embryos injected with DN Xtcf-3
and treated with 30 mM LiCl (J–L) were compared for tissue-specific marker expression at the gastrula stage. EctoV expression is restricted
to the animal-half of control embryos (A), is reduced in LiCl-treated embryos (G), but is expanded in DN Xtcf-3 with (J) or without (D) LiCl
treatment. In contrast, Endo1 expression is restricted to the mid- and hindgut of controls (B), expanded in LiCl-treated embryos (H), but is
reduced in embryos injected with DN Xtcf-3 both with (K) and without (E) LiCl treatment. Mesoderm expression is severely reduced in DN
Xtcf-3-injected embryos (F), even with LiCl treatment (L) compared with control (C) and LiCl-treated (I) embryos. Our data support the
notion that the effect of LiCl is completely reversed by DN Xtcf-3 microinjection and there is no effect of LiCl that cannot be countered
by the DN Xtcf-3.
FIG. 8. Xenopus C-cadherin has no effect on embryos vegetalized by Activated Xtcf-3. Embryos injected with Xenopus C-cadherin (D–F)
display a phenotype resembling that observed with DN Xtcf-3; embryos are animalized with expanded ectodermal marker expression (D)
and endoderm (E) and mesoderm (F) marker expression reduced compared to controls (A–C). Embryos injected with Activated Xtcf-3 alone
(G–I) or together with C-cadherin (J–L) are vegetalized; endoderm is expanded (H and K) at the expense of ectoderm (G and J) while
mesoderm is not severely affected (I and L). No effect of increased adhesion due to C-cadherin overexpression was observed, nor did reduced
nuclear b-catenin influence the phenotype of Activated Xtcf-3-injected embryos.
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238 Vonica et al.to require b-catenin for activation of target genes we tested
he effect of elevating endogenous b-catenin levels on
endogenous TCF activity by treating embryos injected with
the pTOP-FLASH reporter with LiCl (30 mM) from fertili-
zation through hatching. LiCl treatment increased lucif-
erase activity to greater than 25-fold over background (Fig.
6A). LiCl treatment potentiated the endogenous TCF activ-
ity, suggesting that endogenous TCF is a mediator of
endogenous b-catenin signaling. In a similar experiment in
enopus laevis, 100 pg of pTOP-FLASH was injected into
he animal pole of two-cell-stage embryos. Luciferase activ-
ty also increased approximately 2-fold over the endogenous
ctivity in Xenopus embryos after LiCl treatment (Fig. 6B).
herefore, LiCl increased endogenous TCF activity in Xe-
opus embryos to the same extent as in sea urchins. In
ther experiments (data not shown) the reporter with mu-
ated TCF sites showed no change in activity with LiCl
reatment.
The Effect of DN Xtcf-3 Is Insensitive to Elevating
b-Catenin Levels with LiCl
Since TCF/LEFs are thought to act as repressors of tran-
scription in the absence of b-catenin (Brannon et al., 1997;
avallo et al., 1998; Roose et al., 1998; Fisher and Caudy,
998; Levanon et al., 1998), we tested whether the effects of
b-catenin elevation on sea urchin AV axis patterning could
be accounted for solely through b-catenin’s interaction
ith TCF. Control embryos, embryos treated with LiCl (30
M), embryos injected with DN Xtcf-3, and embryos
reated with LiCl and injected with DN Xtcf-3 were col-
ected at the late gastrula stage and examined for tissue-
estricted marker expression.
LiCl-treated embryos show elevated expression of Endo1
nd reduced expression of EctoV (Figs. 7G–7I) compared
ith controls (Figs. 7A–7C), whereas embryos microin-
ected with DN Xtcf-3 (Figs. 7D–7F) show increased EctoV
xpression and reduced Endo1 expression compared to
ontrols. When DN Xtcf-3-injected embryos were simulta-
eously treated with LiCl and then examined (Figs. 7J and
K) no differences were observed between these embryos
nd those injected with DN Xtcf-3 alone. The effect of LiCl
as completely reversed by DN Xtcf-3 injection, suggesting
hat the effects of b-catenin are mediated through TCF/LEF
nd that most, if not all, effects of LiCl on early embryos are
ependent on TCF/LEF-responsive promoters.
Xenopus C-Cadherin Has No Effect on Embryos
Vegetalized by Activated Xtcf-3
Previous studies in sea urchins interfered with b-catenin
function either by reducing b-catenin stability by increas-
ng levels of GSK3b (Emily-Fenouil et al., 1998) or by
reventing b-catenin nuclear entry by titrating with
C-cadherin (Wikramanayake et al., 1998) or Lv-cadherin
(Logan et al., 1999). We have shown that Activated Xtcf-3NA microinjection bypasses the need for b-catenin to
Copyright © 2000 by Academic Press. All rightenerate a vegetalized phenotype. We therefore tested
hether overexpression of C-cadherin to reduce nuclear
b-catenin levels would interfere with the vegetalized phe-
notype of embryos injected with Activated Xtcf-3. We
examined the phenotype of embryos injected with Xenopus
C-cadherin RNA, Activated Xtcf-3 RNA, or both RNAs
injected simultaneously.
Embryos injected with C-cadherin (Figs. 8D–8F) show
patterns of tissue-restricted expression indicative of ani-
malized embryos. EctoV expression is global in the
C-cadherin-injected embryo while vegetal marker expres-
sion (EndoV and 6A9) is virtually absent. In contrast,
embryos injected with Activated Xtcf-3 demonstrate re-
duced EctoV-, increased Endo1-, and disorganized 6A9-
labeled cells, indicative of a vegetalized phenotype (Figs.
8G–8I). When C-cadherin and Activated Xtcf-3 RNAs were
co-injected, the phenotype resembled that seen with Acti-
vated Xtcf-3 RNA alone (Figs. 8J–8L). No apparent effect on
adhesion due to C-cadherin overexpression could be ob-
served in the vegetalized embryos that result from the
co-injection. Primary mesenchyme ingression occurs nor-
mally despite the observed requirement for internalization
of cadherin during these events (Miller and McClay, 1997).
Exogenous TCF Affects Specification along the AV
Axis during Cleavage
To examine the timing of TCF/LEF function in the sea
urchin embryo we asked when during development exog-
enously introduced TCF could activate b-catenin targets.
e utilized a hormone-inducible glucocorticoid receptor
tcf-3 fusion protein (GR Xtcf-3) that was dependent on
examethasone binding for nuclear translocation and func-
ional activity and contains a transcriptional activation
omain within the GR ligand binding region (Fig. 2E;
ahlman-Wright et al., 1994). This construct was designed
based on the observation that in the absence of ligand the
glucocorticoid receptor is retained in the cytoplasm in a
complex with hsp90, but upon ligand binding, hsp90 reten-
tion is repressed and the fusion protein can enter the
nucleus (Cadepond et al., 1991).
Embryos microinjected with GR Xtcf-3 were treated with
dexamethasone (10 mM) at various times after fertilization
and examined at a later stage for phenotypic effects. GR
Xtcf-3-injected embryos became vegetalized only when
treated with dexamethasone between fertilization and the
60-cell stage. Treatment of uninjected embryos with dexa-
methasone did not cause any morphological abnormalities
nor did microinjection of the GR Xtcf-3 RNA without
dexamethasone treatment.
The degree of vegetalization and proportion of embryos
affected were dependent on the stage that dexamethasone
was added (Fig. 9). The severity of vegetalization and
percentage of embryos affected decreased from fertilization
through the 60-cell stage. Up to the 16-cell stage the
majority of embryos demonstrate a classic vegetalized phe-
notype with increased Endo1 and reduced EctoV staining.
s of reproduction in any form reserved.
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239Patterning of Sea Urchin Animal–Vegetal AxisHowever, if treated at the 60-cell stage or later, greater than
90% of the treated embryos appear phenotypically normal.
To demonstrate that the GR Xtcf-3 protein was still
present after the 60-cell stage and that dexamethasone was
altering the subcellular localization of the protein in in-
jected embryos, we examined embryos microinjected with
GR Xtcf-3 RNA after culture with or without dexametha-
sone treatment for subcellular protein localization. Em-
bryos were fixed and examined at the hatched blastula stage
with antibody to myc, which recognizes the myc epitope
tag on the GR Xtcf-3 protein (Fig. 2E). The antibody de-
tected diffuse protein staining in embryos without dexa-
methasone treatment, but after treatment with dexameth-
asone from fertilization through hatching there was
increased nuclear localization of GR Xtcf-3 (data not
shown). These results demonstrate that the GR Xtcf-3
protein is retained in the cytoplasm in the absence of
dexamethasone, but induction by the addition of dexameth-
asone results in increased nuclear localization of GR Xtcf-3
protein.
DISCUSSION
b-Catenin is thought to function in cell fate specification
through direct association with TCF/LEF transcription fac-
FIG. 9. Inducible Xtcf-3 reveals an early window of competence
to respond to the b-catenin signal. To determine when during
development embryos are competent to respond to the b-catenin
ignal, we examined GR Xtcf-3-injected embryos induced with
examethasone at various times after injection. The percentage of
ormal vs vegetalized embryos observed for each stage that dexa-
ethasone was added is shown. An average of 120 embryos was
ssessed for each induction in three separate experiments. Vegetal-
zation occurs only between fertilization and the 60-cell stage and
nly when GR Xtcf-3-injected embryos are treated with dexameth-
sone. Untreated GR Xtcf-3-injected embryos and dexamethasone-
reated uninjected embryos appeared morphologically normal.tors and the accumulation of the resulting protein complex
Copyright © 2000 by Academic Press. All rightn the nucleus. TCF/LEFs act as transcriptional repressors
n the absence of nuclear b-catenin (Brannon et al., 1997;
Cavallo et al., 1998; Roose et al., 1998; Fisher et al., 1998;
Levanon, et al., 1998), but transactivational activity is
increased by cotransfection with b-catenin (Molenaar et al.,
996). It is thought that b-catenin provides the transactiva-
tion component and TCF/LEFs the DNA binding compo-
nent of the TCF/b–catenin complex that forms in the
nucleus. We therefore hypothesized that in the sea urchin,
overexpression of a dominant negative form of Xtcf-3 that
cannot interact with b-catenin would repress b-catenin
argets and produce the opposite effect of overexpressing
b-catenin animalizing the embryo. Conversely, a constitu-
tively active Xtcf-3 should activate b-catenin targets and
vegetalize the embryo even in the absence of b-catenin
binding.
Using modified forms of Xtcf-3, we show that overexpres-
sion of a dominant negative form of Xtcf-3 which lacks the
b-catenin binding domain animalizes the sea urchin em-
bryo and leads to broadening of the ectodermal territory at
the expense of endoderm. Others have reported that loss of
b-catenin function by overexpression of cadherins also
interferes with the specification of the micromere lineage
(Logan et al., 1999). However, when we block b-catenin
unction by interfering with its ability to interact with TCF
nd activate target genes, we observe a small number of
ells that stain with antibodies that recognize the progeny
f micromeres, the PMCs. In DN Xtcf-3-animalized em-
ryos 4 days after injection we observed spicules, the
erminal differentiation product of PMCs. Interestingly,
uang et al. (1999) using RT-PCR analysis of PMC gene
xpression also report that the PMC lineage is not as
everely affected by DN Sp Tcf/Lef overexpression as was
bserved with cadherin overexpression (Wikramanayake et
l., 1998; Logan et al., 1999). These results can be inter-
reted to mean that the micromere specification function of
b-catenin may not be mediated by TCF. However, they can
also be explained if the dose of DN Xtcf-3 used in these
experiments is not sufficient to block micromere specifica-
tion by b-catenin. Alternatively, decay of the injected RNA
and its resulting protein product may occur early enough for
regulation to occur. We are currently investigating these
alternatives.
In contrast, the activated form of Xtcf-3, which contains
a VP-16 activation domain in place of the b-catenin-binding
domain, vegetalizes the embryo and expands the endoder-
mal territory at the expense of the ectoderm. In further
support of a reduced animal territory in these embryos they
hatch later than controls of the same age, presumably
because the embryos are producing less hatching enzyme as
observed when GSK3b is inhibited (Emily-Fenouil et al.,
1998). The use of a fusion between Xtcf-3 and the transcrip-
tional activation domain of VP-16 is a unique approach to
bypass the necessity for a b-catenin TCF/LEF interaction
and allow transactivation of potential b-catenin target
genes in the embryo. This approach also has been used
successfully in Xenopus (A. Vonica and B. Gumbiner,
s of reproduction in any form reserved.
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240 Vonica et al.manuscript in preparation) and in tissue culture cells to
activate b-catenin targets (Aoki et al., 1999). It also has been
mployed in the activation of other embryonic genes in
ivo (Rusch and Levine, 1997; Cambridge et al., 1997;
Kessler et al., 1997; Lemaire et al., 1998; Ferreiro et al.,
998; Rundle et al., 1998; Mariani and Harland, 1998). We
how that VP-16 fusion proteins are useful tools to analyze
ene activation during sea urchin embryogenesis.
These combined results provide evidence that the AV
xis patterning effects of b-catenin, and perhaps other
upstream components of the Wnt pathway in the sea
urchin, are mediated through TCF/LEF transcriptional
regulators. Since TCF/LEFs function as transcriptional re-
pressors in the absence of nuclear b-catenin it is possible
that in animal hemisphere blastomeres TCF normally func-
tions to repress vegetal-territory-specific genes. Only in
vegetal hemisphere cells where b-catenin translocates to
the nucleus are vegetal-specific genes activated. When
normal embryos or animal-half embryos are treated with
agents that result in ectopic nuclear b-catenin, blastomeres
that are normally fated to differentiate as ectoderm are
converted to more vegetal fates. This supports the hypoth-
esis that a b-catenin gradient functions in the sea urchin
embryo to establish cell fates along the AV axis (Logan et
al., 1999) as has been shown for the DV avis in Xenopus
(Larabell et al., 1997). However, it does not address whether
TCF/LEFs repress vegetal target genes in animal blas-
tomeres independent of corepressors such as groucho or
whether these corepressors are normally displaced from
targets by a b-catenin/TCF complex. Since potential core-
pressors have not been identified in the sea urchin, this
remains to be determined.
Since b-catenin is a multifunctional protein with a role in
cell adhesion as well as gene regulation (Miller and Moon,
1997; Moon et al., 1997), altering b-catenin levels by
verexpressing cadherins may have effects secondary to
hose involved in vegetal cell fate specification (Logan et
l., 1999). Similarly, blocking GSK3b function to elevate
b-catenin may have consequences secondary to b-catenin
ffects. If b-catenin functions through other regulators to
specify cell fate, then the effect of overexpressing b-catenin
should be to alter the DN Xtcf-3 phenotype. Since elevating
endogenous b-catenin with LiCl in DN Xtcf-3-injected
embryos has no effect on the animalized phenotype, TCF
appears to be the principal effector of the b-catenin signal in
the sea urchin embryo. Similarly, if eliminating nuclear
b-catenin by co-injecting C-cadherin has secondary effects
involving adhesion, then co-injection of C-cadherin and
Activated Xtcf-3 should result in a phenotype distinct from
that observed with Activated Xtcf-3 alone. Co-injection of
C-cadherin, however, does not alter the vegetalized pheno-
type induced by overexpressing Activated Xtcf-3. All the
effects of b-catenin on the initial specification of cell fates
along the AV axis in the early sea urchin embryo appear to
be mediated through TCF and TCF appears to be down-
stream of b-catenin.Since we used altered forms of Xenopus Xtcf-3 as tools in n
Copyright © 2000 by Academic Press. All rightthese studies we wanted to demonstrate that an endoge-
nous TCF/LEF activity is present in the sea urchin embryo
and mediates the b-catenin signal. Use of TCF-responsive
romoters in Xenopus and zebrafish has shown that TCFs
y themselves are repressors of transcription but in combi-
ation with b-catenin they activate target genes (Brannon et
l., 1997; Sumoy et al., 1999). Expression of a TCF/LEF-
esponsive reporter containing multimerized TCF/LEF
inding sites in the sea urchin is indicative of an endoge-
ous TCF and b-catenin activity in the early embryo. In
further support of the activity of an endogenous Xtcf-3/b-
atenin complex in the early embryo, we elevated endoge-
ous b-catenin levels in reporter-injected embryos by LiCl
treatment (Logan et al., 1999). Reporter activity was en-
hanced to greater than 25-fold over background in LiCl-
treated embryos. A proportionate increase in reporter activ-
ity was also observed with LiCl treatment when similar
experiments were performed in Xenopus. These data sug-
gest that elevated endogenous b-catenin resulting from LiCl
treatment provides increased ectopic nuclear partners for
TCF and that an interaction occurs between endogenous
TCF/LEF and b-catenin in the early sea urchin embryo. In
further support of these conclusions we have learned that a
TCF/LEF homologue has been cloned from the sea urchin
Strongylocentrotus purpuratus (Sp Tcf/Lef; Huang et al.,
1999). Sp Tcf/Lef appears to represent the single TCF/LEF
family member present in the S. purpuratus genome. Con-
sistent with an early role in specification along the AV axis,
Northern analysis revealed that a single Sp Tcf/Lef tran-
script is expressed maternally and decreases beginning at
the early blastula stage (Huang et al., 1999). Interestingly,
we have microinjected DN and Activated Lef-1 RNAs into
sea urchin embryos at the same concentrations used with
altered forms of Xtcf-3 and observed only weak effects (data
not shown). These results suggest that the two molecules
differ in their ability to bind targets in sea urchins and that
the sea urchin targets involved in early specification along
the AV axis are responding to a homologue that more
closely resembles TCF than LEF. In addition, expression of
the Sp Tcf/Lef RNA is ubiquitous (Huang et al., 1999),
supporting the notion that TCF may function as a repressor
of vegetal-specific genes in nonvegetal cells.
Initial specification of the vegetal territory is thought to
occur at the 16-cell stage when b-catenin nuclear expres-
sion is first apparent (Logan et al., 1999). In support for an
early role for b-catenin in vegetal fate specification, micro-
meres in which b-catenin nuclear localization has been
blocked by overexpressing Lv-cadherin fail to induce a
second axis (Logan et al., 1999). If TCF is the partner for
b-catenin in the earliest specification of vegetal fates, then
the TCF/b-catenin complex must function at this time. We
ested this by microinjecting a regulatable form of Xtcf-3.
Generally microinjected RNAs are translated soon after
hey are introduced (Tada et al., 1997) so that the encoded
rotein products are often present prematurely and/or ec-
opically. One way the function of exogenously introduced
uclear proteins can be regulated is to control their nuclear
s of reproduction in any form reserved.
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241Patterning of Sea Urchin Animal–Vegetal Axisentry. Glucocorticoid receptor fusion proteins have been
used successfully in tissue culture (Hollenberg et al., 1993)
nd in the Xenopus embryo (Kolm and Sive, 1995; Tada et
al., 1997) to exert control over the timing of transcription
factor activity by regulating nuclear entry. We injected an
RNA, GR Xtcf-3, which encodes a fusion protein that
combines the glucocorticoid receptor ligand binding do-
main with the Xtcf-3 DNA binding domain (Fig. 1E). The
GR Xtcf-3 protein is held in the cytoplasm until the GR
ligand, dexamethasone, is added to embryo cultures. The
activation domain present in the glucocorticoid ligand
binding domain (Dahlman-Wright et al., 1994) was used in
place of the b-catenin binding domain. Embryos injected
ith GR Xtcf-3 RNA at fertilization and induced with
examethasone at various times after injection showed a
egetalized phenotype (Fig. 9), but only if induced before the
0-cell stage. These experiments demonstrate that nuclear
tcf-3 must be present prior to the 60-cell stage to influence
he differentiation of cells along the vegetal pathway. In-
uction of nuclear TCF at later stages did not result in
ncreased vegetal tissue despite the presence of TCF protein
n the nucleus at the early blastula stage (data not shown).
his suggests that the complex between TCF and b-catenin
activates target genes involved in specifying the vegetal
territory during early cleavage stages. Our data support a
role for TCFs in the early establishment of the vegetal
territory of the sea urchin embryo.
If b-catenin/TCF interactions are important for vegetal
fate specification early in development what is the signifi-
cance of nuclear b-catenin observed in later stages? One
possibility is that b-catenin acts initially through a TCF/
EF factor to specify general vegetal identity, whereas later
ore specific vegetal identities are specified by other local-
zed factors or signaling molecules. The identification and
haracterization of a single TCF/LEF homologue in S.
urpuratus whose expression is restricted to the early
mbryo supports this notion. Alternatively, other factors
ay repress the activity of the b-catenin/TCF complex in
ther cells of the embryo. Somewhat paradoxically, when
ninjected micromeres are transplanted to the animal pole
f normal embryos and induce a second archenteron, they
o not induce nuclear b-catenin expression in the animal
emisphere cells that will form the ectopic vegetal tissues
Logan et al., 1999). This is surprising because in unper-
urbed embryos nuclear b-catenin appears first in the mi-
cromeres, later spreading from vegetal tier to vegetal tier.
b-Catenin is essential for the ability of micromeres to
induce a second axis in host embryos (Logan et al., 1999),
suggesting that the initial signal emanating from micro-
meres is dependent on nuclear b-catenin. Conversion of
host animal-half tissue to vegetal fates, however, does not
require activation of nuclear b-catenin in the host cells.
his can be explained if b-catenin is required to activate
initial vegetal-territory-specific genes in responding cells
but once these genes are activated the responding cells do
not require nuclear b-catenin. Our data using an inducibletcf-3 support the hypothesis that the initial specification
Copyright © 2000 by Academic Press. All rightf the vegetal territory requires TCF/b-catenin but subse-
quent events do not. Nuclear b-catenin in vegetal cells at
ater stages may have a function distinct from the specifi-
ation of initial vegetal territory genes and may involve
omplexes with other nuclear proteins or displacement of
orepressors to refine the derivatives of the vegetal blas-
omeres.
The roles of the Wnt pathway and b-catenin signaling in
establishing cell fates along embryonic axes appear to be
well conserved across species (Moon and Kimelman, 1998).
What has not been established is how conserved are the
downstream targets of these signals. Since the axes in-
volved are distinct in vertebrates and invertebrates, the
specific gene targets may also diverge. b-Catenin/TCF tar-
et genes identified in Xenopus may not be conserved
cross all phyla (Sumoy et al., 1999). Therefore a major
uestion which remains is: what are the targets of
b-catenin/TCF in establishing embryonic axes? These as
yet unidentified targets will play an important role in
establishing early vegetal cell fates in the sea urchin and
should provide important clues for understanding endoder-
mal and mesodermal specification not only in sea urchins
but in all embryos.
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